Inner ear sensory hair cells convert mechanical stimuli into electrical signals. This conversion happens in the exquisitely mechanosensitive hair bundle that protrudes from the cell's apical surface. In mammals, cochlear hair bundles are composed of 50 -100 actin-filled stereocilia, which are organized in three rows in a staircase manner. Stereocilia actin filaments are uniformly oriented with their barbed ends toward stereocilia tips. During development, the actin core of each stereocilium undergoes elongation due to addition of actin monomers to the barbed ends of the filaments. Here we show that in the mouse cochlea the barbed end capping protein twinfilin 2 is present at the tips of middle and short rows of stereocilia from postnatal day 5 (P5) onward, which correlates with a time period when these rows stop growing. The tall stereocilia rows, which do not display twinfilin 2 at their tips, continue to elongate between P5 and P15. When we expressed twinfilin 2 in LLC/PK1-CL4 (CL4) cells, we observed a reduction of espin-induced microvilli length, pointing to a potent function of twinfilin 2 in suppressing the elongation of actin filaments. Overexpression of twinfilin 2 in cochlear inner hair cells resulted in a significant reduction of stereocilia length. Our results suggest that twinfilin 2 plays a role in the regulation of stereocilia elongation by restricting excessive elongation of the shorter row stereocilia thereby maintaining the mature staircase architecture of cochlear hair bundles.
Introduction
Inner ear sensory hair cells convert mechanical stimulation into electrical signals. This process of mechanoelectrical transduction happens at or near the tips of stereocilia, which are filamentous actin (F-actin)-filled protrusions of the hair cell's apical plasma membrane. Mechanosensitive ion channels are localized near the lower ends of the tip links that connect the tips of stereocilia to the sides of their next-tallest neighbor (Pickles et al., 1984; Beurg et al., 2009) . The 50 -100 F-actin-filled stereocilia comprising cochlear hair cell hair bundles are highly organized in three rows that are gradated in height. The staircase-like architecture of hair bundles is conserved among vertebrates (Tilney et al., 1992) .
In mammals, cochlear hair bundle development can be divided into four general stages that have been described for the hamster: initial stereocilia sprouting, staircase initiation, ordered bundle formation, and elongation and pruning . Stereocilia first sprout as a microvilli tuft on the apical surface of the hair cell. During initial staircase formation, stereocilia undergo a period of differential elongation, however, stereocilia rows are not well organized. The final phase consists of stereocilia elongating to their mature lengths, and resorption of excess short stereocilia/microvilli that are not a part of the final hair bundle structure.
The determining factor of stereocilia height is the length of its F-actin core. Because stereocilia bundle length varies very little at a given position along the cochlea, compared with neighboring hair cells, it is assumed that actin polymerization and depolymerization within stereocilia are tightly regulated (Tilney et al., 1992) . Some stereociliary proteins such as the actin-crosslinker espin (Zheng et al., 2000; Salles et al., 2009) , unconventional myosin XVa (Belyantseva et al., 2003a; Rzadzinska et al., 2004; Belyantseva et al., 2005) , unconventional myosin VIIa (Rhodes et al., 2004; Prosser et al., 2008) , and scaffolding protein whirlin (Belyantseva et al., 2003b; Mburu et al., 2003; Belyantseva et al., 2005; Delprat et al., 2005; Kikkawa et al., 2005) have been implicated in stereocilia length regulation. However, the molecules that directly regulate actin dynamics in stereocilia remain unknown.
Here, we show that the actin regulator twinfilin 2 specifically becomes localized at the tips of short-and middle-row cochlear stereocilia, but not in tall-row stereocilia. The onset of twinfilin 2 correlates with a period when tall-row stereocilia elongate substantially. In biochemical assays, twinfilin 2 displays a strong ability to cap actin filament barbed ends as well as an ability to sequester actin monomers (Vartiainen et al., 2003; Nevalainen et al., 2009 ). When we overexpressed twinfilin 2 in espin-transfected LLC-PK1/CL4 cells, we saw a significant reduction in microvilli lengths. Similarly, in cochlear hair cells, we found a significant reduction in the heights of the tallest row of stereocilia within the bundle. Our results suggest that twinfilin 2 regulates the length of the stereocilia F-actin core in developing and mature cochlear hair cells.
Materials and Methods
Antibodies, immunostainings, and clones. We obtained from Pekka Lappalainen (Helsinki University) two polyclonal antibodies, one recognizing only twinfilin 1 and another antibody recognizing both twinfilin 1 and 2 (twinfilin 1&2) (Vartiainen et al., 2003) . Localization of twinfilin 2 was performed using the twinfilin 1&2 antibody. The antibody that recognizes only twinfilin 1 did not show any detectable stereocilia tip staining but did stain Deiters' cell processes (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). The twinfilin 1&2 antibody shows twinfilin immunoreactivity at the tips of stereocilia of shorter rows, indicating that twinfilin 2 is localized to stereocilia tips (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
Whole-mount samples were fixed with 4% paraformaldehyde for 1 h, blocked in PBT1 (0.1% Triton X-100, 1% BSA, 5% heat-inactivated goat serum in PBS, pH 7.3) for 10 min, and incubated overnight at 4°C with 1:200 anti-Twf1&2 in PBT1. Samples were washed and incubated with Alexa 488 goat anti-rabbit antibody (Invitrogen) for 1 h followed by incubation in 0.4 g/ml tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin for 20 min, washed, mounted, and imaged with a confocal microscope (LSM Pascal, Zeiss). Images were acquired using 1.4 NA oil-immersion objectives; stacks were analyzed with Volocity software (Improvision) for 3D length measurements, and Adobe Photoshop was used to assemble the figures.
Twinfilin 2 was expressed using a pcDNA3.1-based vector harboring an internal ribosome entry site (IRES) mCherry reporter. For gene gun experiments, twinfilin 2 was also cloned into pTracer EF/V5/HIS (Invitrogen), which has a dual promoter EGFP reporter.
Mass spectrometry. Chicken utricle hair bundles were isolated through a modified twist-off technique (Gillespie and Hudspeth, 1991) . The main modification was that no "twisting" actually occurred; rather, we "ripped" the utricular macula away from the agarose gel in which the hair bundles remained embedded. Bundles were lysed with an SDS (2% SDS, 147 mM Tris, and 0.51 mM EDTA, pH 8.5) solution and proteins were precipitated using 23% trichloroacetic acid. Protein was denatured in 8 M urea, carboxymethylated with 25 mM iodoacetic acid, and trypsinized with 1 g of modified trypsin (Promega). The peptides were purified from the solution using a Pepclean C-18 spin column (Thermo Fisher Scientific). Resulting peptides were analyzed by a modified version of the traditional MudPIT experiment by using a tetraphasic continuous column approach (Guzzetta and Chien, 2005) . Scaffold (Proteome Software) was used to statistically analyze database search results.
Length measurements. Measurements were made on confocal Z-stacks taken with 0.4 m steps using Volocity software (Improvision). All length measurements were made in the apical 900 m of the cochlea of three animals per age (n ϭ 3). ANOVA and t tests were performed using Excel. For scanning electron microscopy measurements, cochleae were isolated from BALB/c mice and fixed overnight at 4°C with 1% glutaraldehyde and 2% PFA in 50 mM CaCl2 and 20 mM MgCl2 in 0.1 M HEPES buffer, pH 7.4. Tissue was then treated for two 1 h cycles with 1% osmium tetroxide followed by 1% tannic acid for 1 h, dehydrated in an ethanol gradient, critical point dried (Autosamdri 814; Tousimis), and imaged with a Hitachi S-3400N scanning electron microscope. Length measurements were performed with Volocity with at least three animals. Graphs were made using Prism software (GraphPad).
CL4 cells. CL4 cells (ATCC CL-101) stably expressing rat espin ⌬N338 (Loomis et al., 2003) fused to EGFP were transfected using the Amaxa Nucleofector using solution L and program T-020. Three to five days later, cells were visualized with 100ϫ 1.4 NA objective using a spinning disk confocal microscope (Yokogawa/ Zeiss). Sixteen microvilli were measured for each transfected cell and 16 microvilli were measured for the neighboring untransfected cells. The averages were used for analysis using Prism software (GraphPad).
Hair cell transfections. Apical and middle turn pieces of P3-P4 organs of Corti from C57BL/6 mice were attached to glass-bottomed Petri dishes (MatTek) coated with CellTak (Collaborative Biomedical Products) and maintained at 37°C and 5% CO 2 in DMEM supplemented with 7% FBS for 1 d. Cultures were transfected using a Helios gene gun (Bio-Rad) as described previously (Belyantseva, 2009 ). Gold particles of 1.0 m in diameter were coated with plasmid DNA at a ratio of 2 g of DNA to 1 mg of particles and precipitated onto the inner wall of Tefzel tubing, which was cut into individual cartridges containing Ϸ1 g of plasmid DNA. The external ring of the standard barrel of the Bio-Rad gene gun was positioned at the bottom of a culture dish in such a way that the organ of Corti explant appeared in the center of the barrel ring. Samples were bombarded with the gold particles from one cartridge per culture by using 120 psi of helium. After an additional 1-2 d, samples were fixed with 4% paraformaldehyde, stained with TRITC-conjugated phalloidin, and observed by using a Zeiss LSM710 confocal microscope equipped with 63ϫ 1.4 NA and 100ϫ 1.4 NA objectives.
Results

Twinfilin 2 is associated with the tips of stereocilia
To identify novel stereociliary proteins, we performed a mass-spectrometry-based proteomics analysis of chicken utricle hair bundle proteins. Among several proteins identified, we found two tryptic fragments of twinfilin 2 with Ͼ95% confidence (Fig.  1) . Because chicken and mammalian twinfilin 2 have high homology (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material), we decided to perform the analyses of twinfilin 2 expression and its potential function in the mouse. Further, because stereocilia of cochlear hair cells are uniformly organized and thick enough to be clearly resolved with light microscopy, we chose to focus F-actin was labeled with TRITC-conjugated phalloidin (red). C, Top, Enlargement of the square in A showing the staining at the tips of short-row stereocilia in inner hair cells (arrows); bottom, enlargement of the square in B showing lack of staining at tips of tall-row stereocilia (arrowheads) and staining at the tips of short-row stereocilia (arrows). D, Inner hair cell stereocilia lengths for tall (red line) and middle (blue line) rows using confocal microscopy, and middle-row lengths (black line) determined with scanning electron microscopy (SEM) (mean Ϯ SD, n ϭ 3). Scanning electron microscopy-measured lengths were consistently shorter than confocal-measured lengths, likely due to the dehydration steps in tissue processing. E-G, Developmental expression of twinfilin 2 (green) shows increasing labeling intensity with age from P7 (E) to P9 (F ) to P13 (G). Scale bars: ϭ A, B; 5 m; E-G, 2 m. our analysis on the murine organ of Corti. When we localized the protein in adult mouse cochlear hair cells, we found strong immunolabeling of twinfilin 2 at the tips of the middle and short rows of stereocilia (Fig. 2 A-C) . The protein might be present in tall stereocilia at very low levels, but the labeling was too faint for reliable imaging. This localization is consistent with a role of twinfilin 2 in capping the barbed ends of stereocilia actin filaments in the middle and short rows of stereocilia, which points to potential differences in regulation of actin dynamics in the shorter two rows of stereocilia compared with the tall row, in which twinfilin 2 is present at very low levels, if at all. The localization pattern is also consistent between both inner and outer hair cells indicating a common mechanism of barbed end capping and length control between these hair cell types (Fig. 2 B, C) .
Onset of twinfilin 2 expression correlates with differential elongation of stereocilia
To determine a potential correlation between stereocilia growth and twinfilin 2 expression, we initially considered possible roles for twinfilin 2 in hair bundle development and neonatal hair bundle maturation and maintenance. At postnatal day 0, twinfilin 2 was not detectable in stereocilia, which led us to assume that twinfilin 2 is not present during initial hair bundle formation and growth, and consequently, not involved in initial staircase formation. Twinfilin 2 expression was first detectable, faintly, at the tips of middle row of stereocilia at postnatal day 5 (data not shown). At postnatal day 7, the protein was evident more robustly, and its expression gradually increased until postnatal day 13, when labeling intensities were comparable to the adult (Fig. 2 E-G) . This time period likely corresponds to the final phase of elongation and pruning that has been observed in hamster inner hair cells of the apical cochlea, leading to establishment of the mature staircase architecture .
To correlate twinfilin 2 expression with murine postnatal hair bundle development, we measured inner hair cell stereocilia lengths in the cochlear apical turn. To measure mouse hair cell stereocilia length changes, we used quantitative 3-dimensional image data analyses of confocal image stacks obtained by collecting consecutive optical sections of inner hair cells (supplemental Movie, available at www.jneurosci.org as supplemental material). We found that, after the initial staircase has been established, tall stereocilia exhibit a final burst of elongation between P7-P13, in which their length increased from 3.31 Ϯ 0.11 m (mean Ϯ SD, n ϭ 3) to 5.37 Ϯ 0.14 m (mean Ϯ SD, n ϭ 3) and stereocilia bundles acquire a mature staircase architecture (Fig. 2 D) . In contrast, the middle rows of stereocilia do not show elongation between P5 and P44, and they maintain a length of ϳ2 m (P5 1.99 Ϯ 0.05 m; P44 1.93 Ϯ 0.02 m). Moreover, when measured at P3, the length of the middle row was 1.77 Ϯ 0.10 m (mean Ϯ SD, n ϭ 3), in agreement with the onset of twinfilin 2 expression and with a potential role of twinfilin 2 in stalling the elongation of middle-row stereocilia. Because P3 middle-row stereocilia cannot be as easily resolved with confocal microscopy as they can at P5, we decided to further confirm these observations with scanning electron microscopy. Our analysis confirmed growth of the middle row of stereocilia between P3 and P5 [1.09 Ϯ 0.04 m at P3 versus 1.25 Ϯ 0.03 m at P5; mean Ϯ SD, n ϭ 3 (P3), n ϭ 4 (P5)], and that the middle-row stereocilia do not elongate between P5 and P17 (1.26 Ϯ 0.04 m at P17; mean Ϯ SD, n ϭ 4) (Fig. 2 D) .
Twinfilin 2 expression leads to shorter microvilli in CL4 cells
If twinfilin 2 affects the length of actin filaments in stereocilia, then we expect that it would also have this function in CL4 cells, which have been used as an in vitro model system to examine parallel F-actin bundles (Loomis et al., 2003) . When we stably transfected CL4 cells with the stereociliary actin bundling protein espin (Zheng et al., 2000) they formed prolonged microvilli of average lengths of 3.58 Ϯ 0.31 m (mean Ϯ SEM, n ϭ 6 cells) (Fig. 3 A, B) . When we expressed twinfilin 2 along with espin, the CL4 microvilli were significantly shorter (2.56 Ϯ 0.07 m; mean Ϯ SEM, n ϭ 6 cells; p Ͻ 0.01 one-tailed t test) (Fig. 3A-C) . Control transfected cells did not display significant changes in microvilli lengths (untransfected: 2.89 Ϯ 0.40 m; transfected: 2.94 Ϯ 0.40 m; mean Ϯ SEM, n ϭ 10 cells) (Fig. 3C,D) . These numbers calculate to a significant length reduction of microvilli of twinfilin 2 transfected cells (26.11 Ϯ 5.90%; mean Ϯ SEM, n ϭ 6 cells) when compared with control transfections (0.09 Ϯ 6.1%; mean Ϯ SEM, n ϭ 10 cells; p Ͻ 0.01 one-tailed t test). Based on these observations, we conclude that overexpression of twinfilin 2 in CL4 cells results in a shorter length of espin-bundled actin filaments when compared with controls.
Twinfilin 2 overexpression leads to stunted stereocilia
The effect of twinfilin 2 expression on CL4 cell microvilli prompted us to test its function in native hair cells. A first indication that the presence of twinfilin 2 at stereociliary tips affects their elongation came from analysis of whirler and shaker 2 hair cells, which display shortened stereocilia (Holme et al., 2002; Belyantseva et al., 2005) . Twinfilin 2 immunoreactivity in these mice is associated with the tips of all short stereocilia, indicating a potential role in suppressing F-actin-based elongation (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). This observation led us to coexpress twinfilin 2 in postnatal day 3-4 cochlear inner hair cells using a biolistic particle delivery system (Belyantseva, 2009) . We identified transfected cells by means of EGFP expression (Fig. 4 A, B) . We found that hair cells overexpressing twinfilin 2 displayed significantly shorter tall stereocilia when compared with their nontransfected neighbors (Fig. 4 A, C) . The tall-row stereocilia were shorter on average by 11.8 Ϯ 2.4% (n ϭ 9). Cells that were transfected with expression vectors for EGFP did not display significant stereocilia length differences when compared with their nontransfected neighbors (Ϫ1.7 Ϯ 1.9%; n ϭ 8) (Fig. 4 B, C) . It is interesting that the tall stereocilia are affected by twinfilin 2 overexpression, which could be due to immature gate-keeping at the stereocilia base, absence of a specific transport mechanism in young hair cells, or simply due to the overexpression of twinfilin 2. Because only tall stereocilia grow during the period investigated, it is not surprising that only the tall rows of stereocilia are affected by twinfilin 2 overexpression, resulting in the difference in transfected stereocilia heights versus nontransfected heights.
Discussion
In this study, we identified a novel stereociliary protein, twinfilin 2. Immunocytochemically, twinfilin 2 becomes detectable at the tips of middle-and short-row cochlear stereocilia at the beginning of a growth phase of the tall stereocilia row that starts around P5. Overexpression of twinfilin 2 in CL4 cells and in cochlear hair cells both results in shorter microvilli and stereocilia, respectively. These findings point to a strong ability of twinfilin to suppress the growth of F-actin and/or to modulate F-actin dynamics at the barbed ends. The potential function and localization of twinfilin 2 at the tips of the middle and short rows of stereocilia may point to a role in precisely maintaining the length of these stereocilia in mature hair cells.
Our measurements of stereocilia length dynamics revealed that in mice, the tall stereocilia row of cochlear inner hair cells elongates by Ͼ60% from P7 to P13. Overt expression of twinfilin 2 was neither detectable in tall stereocilia during this time period nor in the adult. The middle and short rows of stereocilia, in which twinfilin 2 becomes coincidently upregulated, do not grow in length during this period when twinfilin 2 immunoreactivity at the tips reaches the intensity observed in the adult. The spatial and temporal expression of twinfilin 2 is in agreement with a role of preventing further elongation of the short and middle stereocilia rows in neonatal hair bundle maturation during the burst of growth that we observe from P5 to P15. The strong twinfilin 2 expression at the tips of short-and middle-row stereocilia is maintained into adulthood, which suggests that F-actin growth control at the barbed ends of these stereocilia remains important in fully developed hair cells. . Shown is a representative pair of transfected and untransfected inner hair cells. F-actin was visualized with TRITC-conjugated phalloidin (red). Cochleae were dissected at P3-P4 and transfected after 1 d in vitro (DIV), and images were taken at 2-3 DIV. B, Control hair cell transfected with a vector expressing only EGFP (green). C, Individual tall stereocilia lengths were averaged for each transfected hair cell and its untransfected neighbors and average length reductions are shown (mean Ϯ SEM, n ϭ 9 for twinfilin 2, n ϭ 8 for controls). Statistical analysis with an unpaired one-tailed t test yields a significant change of p Ͻ 0.0005. Scale bars: 5 m.
We hypothesize that barbed end capping of actin filaments is the mechanism by which twinfilin 2 affects F-actin dynamics, but we cannot rule out an effect mediated by local actin monomer sequestration, which is probably unavoidable in overexpression studies. The native expression of twinfilin 2 at the barbed ends of short-and middle-row stereocilia could be the consequence of a specific transport mechanism or specific binding sites at this particular location. Myosin VIIa appears to be a binding partner of twinfilin 2 as a recent study reveals that myosin VIIa is necessary for tip localization of twinfilin 2 and that both proteins interact in vivo (Rzadzinska et al., 2009) .
In summary, twinfilin 2 is an actin regulator at a highly interesting subcellular location at the tips of short-and middle-row stereocilia, where we propose that the protein's function is to govern growth of actin filaments. The presence of twinfilin 2 in adult stereocilia suggests that it might play a role in controlling the mature length of the middle and short rows of stereocilia. This length maintenance is crucial for proper tip link angle and tension, which are important for hair cell mechanosensitivity and function of the transduction machinery.
